Rotavirus is the most common cause of severe dehydrating gastroenteritis in infants. To date, 10 different serotypes of rotavirus have been identified in human stools. While four or five serotypes dominate, serotype circulation varies with season and geography. Since our laboratory has been involved in the development of a multivalent rotavirus vaccine, it is important to identify the serotypes of rotavirus encountered during our clinical trials. We have developed methodologies for the molecular identification of rotavirus strains based on VP7 gene segment sequence. A 365-bp reverse transcriptase PCR product was generated from the VP7 gene segment using a pair of novel degenerate primers. All serotypes tested (both animal and human) yielded an identically sized product after amplification. Sequencing of these products is performed using truncated versions of the original primers. The sequence generated is compared against a database of rotavirus VP7 sequences, with the G type determined, based on the sequence homology. Using this assay, we have correctly identified human VP7 strains from a panel of available serotypes, as well as numerous animal strains. The assay was qualified using rotavirus positive stool samples, negative stool samples, and rotavirus-spiked stool samples. In addition, samples from cases of acute gastroenteritis collected at Children's Hospital of Philadelphia have been evaluated and indicate that the assay is able to discriminate subtle differences within serotypes. The assay has been utilized in the testing of >3,000 antigen-positive (enzyme immunoassay) samples collected during clinical trials of a rotavirus vaccine (RotaTeq) and identified a serotype in ϳ92% of samples (3, 17, 19).
Rotavirus is the most common cause of severe gastroenteritis in young children (11) . Rotaviruses are ubiquitous in nature. Most vertebrates have their own rotaviruses with serotypes that are relatively, but not absolutely, species specific. Fourteen different serotypes of rotavirus have been identified from human and animal samples (12) . Identification of rotavirus serotypes has evolved over the past 3 decades as new techniques became available. The foundation of serotyping was based on polyclonal antiserum directed primarily against the major coat glycoprotein of the virus, VP7, commonly called the G protein. Serotypes were numbered more or less in the order in which they were identified: G1, G2, G3, etc. Currently, both molecular and immunological methods are used for Gtype identification of rotavirus strains in human stool samples. These include nested reverse transcriptase PCR (RT-PCR) (7, 8) and immunoassays using monoclonal (18) or polyclonal (2) antibodies. Further examination of samples typed by these methods, such as by sequence analysis, is usually required to further characterize diversity within serotypes. Recently, restriction fragment length polymorphism (15) analyses have been used to compare the genetic diversity of viral isolates within a G serotype.
Our laboratory is engaged in the development of a pentavalent rotavirus vaccine containing human-bovine reassortants with human serotypes G1, G2, G3, and G4 VP7 plus human VP4 (the other rotavirus coat protein) of phenotype P1a (serotype) and genotype [8] (5) . The primary endpoint of the clinical studies of this vaccine is protection against rotavirus acute gastroenteritis caused by the serotypes included in the vaccine (G1, G2, G3, and G4). This has raised the need for a robust, accurate, efficient, and documentable typing system. The development of the described assay was pursued because of several potential issues. Typing of samples using monoclonal antibodies (MAbs) has proven problematic, with some samples not detected due to low antigen levels, as well as a potential for cross-reactivity between serotypes (1, 6). Nested RT-PCR was not pursued due to concerns related to gel documentation (inability to account for spurious bands) and the need for laboratory environmental controls to minimize the risk of cross-contamination inherent in nested amplification methods.
The importance of diversity analysis within subgroups is highlighted by the identification of four individual G1 genetic lineages (10) , as well as diversity within G2 (16) and G4 (14) serotypes. RT-PCR and sequence analysis have also been recently developed for VP7 typing (13) . This method also utilizes degenerate primers but generates a large amplicon for sequencing. The method described here generates a relatively short amplicon spanning a region of known hypervariability (Fig. 1) , allowing for one-pass sequencing in both directions with very short run times, yielding information that permits serotype and subtype identification. The assay is amenable to high-volume testing that is necessary for large-scale clinical trials.
MATERIALS AND METHODS
Test samples. For rotavirus strains of known VP7 serotypes, cell culture supernatants of the following strains were used: WI79 (G1), Wa (G1), SC2 (G2), DS1 (G2), WI78 (G3), P (G3), BrB (G4), CC4 (G4), HCR3 (G3 subtype), VR5-08 (G5), NG8-038 (G8), WI61 (G9), RRV (Rhesus G3), EDIM (murine G3), OSU (porcine G5), WC3 (bovine G6), and B10-01 (bovine G10).
RotaTeq vaccine components and human-bovine reassortants were VP7 serotypes of G1, G2, G3, G4, and G6 (bovine).
A total of 12 rotavirus samples previously serotyped using MAbs at Children's Hospital Medical Center, Cincinnati, Ohio, were used: eight G1 samples, one G2 sample, one G3 sample, and two G4 samples.
A total of 20 stool samples were obtained at Children's Hospital of Philadelphia. Of these samples, 15 were antigen positive for rotavirus and 5 were antigen negative. Samples were blinded as to antigen test result. Samples were collected from inpatients (6 months to 4 years of age) diagnosed with gastroenteritis.
A total of 104 rotavirus-positive (enzyme immunoassay [EIA]) stool samples collected during the 1999 to 2000 rotavirus season at The Children's Hospital of Philadelphia. Samples were collected from inpatients (15 days to 7 years old) diagnosed with gastroenteritis and were positive for rotavirus by antigen detection.
RNA extraction. RNA was initially extracted from 140 l of cell culture supernatant fluids or of clarified 10% stool suspensions with the QIAamp Viral RNA Extraction kit (QIAGEN, Inc., Valencia, CA) as per the manufacturer's protocol, with the following exception: the elution used 60 l of molecular biology-grade water preheated to 80°C. The elution was performed at higher temperatures to maximize RNA recovery. Extractions were carried out using the QIAvac24 vacuum manifold to allow for greater sampling throughput.
A secondary RNA extraction was used for samples initially found to by RT-PCR following QIAamp RNA extraction. Samples were extracted by the Boom silica method as previously described (4) . 
RT-PCR. RT-PCR was performed on purified RNA using the One-Step RT-PCR kit (QIAGEN, Inc., Valencia, CA) as per the manufacturer's recommendations. Forward and reverse amplification primers were used at a final concentration of 600 nM. Amplification was performed on a Tgradient thermocycler (Whatman Biometra, Goettingen, Germany). The following cycling parameters were used; 50°C for 30 min; 95°C for 15 min; 94°C for 45 s, 54°C for 45 s, and 72°C for 1 min, repeated for a total of 40 cycles; 72°C for 10 min; and 4°C hold. Amplification reactions were held on ice (4°C) until the thermocycler was stabilized at 50°C.
Electrophoresis. RT-PCRs were electrophoresed on 1% agarose gels for ϳ45 min at 100 V. Samples were identified as positive based on the presence of the expected 365-bp amplicon with ethidium bromide staining.
Product purification. Samples positive for amplification were purified by QIAquik spin column (QIAGEN, Inc., Valencia, CA) as per the manufacturer's protocol, prior to sequencing reactions.
Sequencing. Sequencing reactions were performed in duplicate using 5 l of purified RT-PCR products as template, using DYEnamic ET Terminators (Amersham Biosciences, Piscataway, NJ) with both the forward and reverse sequencing primers. Cycle sequencing was performed on a Tgradient thermocycler (Whatman Biometra, Goettingen, Germany) with the following amplification parameters: 25 cycles, each consisting of 94°C for 20 s, 50°C for 15 s, and 60°C for 1 min. The temperature ramp parameter was set to 1°C/s rather than the typical 3 to 4°C/s for the thermocycler used. Sequence reactions were gel purified using 96-well plates (Edge Bioscience, Princeton, NJ) and were eluted in molecular biology-grade water. Sequence reactions products were electrophoresed on a MegaBACE 1000 DNA Sequencing system (Amersham Biosciences, Piscataway, NJ). Optimized parameters for the sequencing runs were injection at NOVEL ROTAVIRUS VP7 TYPING ASSAY 5877 2 kV for 10 s and electrophoresis at 6 kV for 150 min. Automated base-calling was performed using Cimmaron 1.5.3 Slim Phredify software, as supplied. Sequence data files were saved with the extension ".abd" for sequence analysis. Sequence analysis. Generated sequences were imported into Sequencher (Gene Codes Corp., Ann Arbor, MI), and contiguous sequences of the forward and reverse reactions were assembled. Sequence disagreements were resolved, and a consensus sequence was exported for serotype determination by sequence homology analysis.
Serotype determination by sequence homology analysis. Generated sequences were compared to a database of rotavirus VP7 sequences using the "Align to Folder" function in MacVector (Accelrys, San Diego, CA). The results returned from this analysis (a list of serotypes and/or strains in order of sequence homology) determined the called serotype of the sample. The database consists of 309 VP7 sequences of rotavirus strains of known serotype (as designated in the submitted sequence). The database includes 273 strains from human hosts, with the distribution of serotypes as follows: serotype G1 (104 strains), G2 (48 strains), G3 (23 strains), G4 (28 strains), G5 (3 strains), G6 (4 strains, G8 (13 strains), G9 (33 strains), G10 (2 strains), G12 (6 strains), as well as 36 animal strains (simian, murine, bovine, equine, canine, and rabbit).
Limit of detection. The limit of detection for the assay was determined using rotavirus-negative stool samples spiked with known amounts of vaccine viruses. Samples were then carried through the assay, and the limit of detection was determined as the lowest level of rotavirus that yielded an amplification product and a correct serotype determination. Limit of detection experiments were carried out by both the QIAGEN and Boom silica methods.
RESULTS
Rotavirus strains of known serotype culture-adapted strains. Target VP7 sequences were generated from 17 stock culture supernatants representing both human and animal rotavirus strains (see Materials and Methods). Each sample was extracted in triplicate, and each of the extracted RNAs was amplified in triplicate. A total of nine sequences were generated for each strain. Designation of VP7 type based on sequence homology was performed and compared to the expected serotype for all sequences from all samples. Sequencebased VP7 typing correctly identified the VP7 type for all nine sequences from each of the 17 samples tested (Table 1) . Results report the serotype identified and the accession number of the most closely related GenBank sequence. Additionally, the percent homology to the published sequence is reported as an average of the percent homology of all nine sequences. Comparisons of the sequences obtained from each sample showed Ͼ99% homology between each obtained sequence.
Samples were also evaluated by the Boom silica extraction method. All G types obtained from all samples were identical both to the expected type and to the type obtained using the initial QIAamp extraction.
Vaccine strains. Target VP7 sequences were obtained from each of the five bovine-human reassortant vaccine strains (the individual components of RotaTeq). A total of nine sequences from each of the vaccine strains were generated. All vaccine strains were identified with the correct VP7 type. A comparison of these sequences to known rotavirus sequences was performed with the results listed in Table 2 .
Rotavirus-positive stool samples previously typed by monoclonal antibody. A total of 12 rotavirus samples that were previously serotyped with monoclonal antibodies were VP7 typed by this sequence-based method. The sequence-based VP7 typing method showed 92% agreement with expected serotypes based on the monoclonal antibody-based serotyping ( Table 3 ). The lone sample with discordant results was a sample identified as a G4 serotype. Sequence analysis designated this as a G9 type. The high nucleic acid homology of this sequence to known G9 nucleic acid sequences indicated that the G4 monoclonal antibody may cross-react with G9 strains. These findings were consistent with previous reports of G9 strains reacting with G4 monoclonal antibodies (1, 6) . A comparison of sequences from G4 and G9 strains showed 72% nucleic acid and 80% amino acid homology.
Rotavirus antigen-positive and antigen-negative stool samples. VP7 target sequences were generated from 20 stool samples collected at Children's Hospital of Philadelphia. Any viral RNA present was extracted from all samples in triplicate. Each of the extracted RNA was amplified in triplicate. For five samples, no RT-PCR amplification was found in any of the nine replicate amplifications, all of which were previously identified as rotavirus negative by EIA. These five samples were also amplification negative by the Boom silica extraction method. The remaining 15 samples were positive for rotavirus based on RT-PCR amplification. Each of these samples yielded a product and the VP7 target sequence for each of the nine replicates per sample. For a given sample, VP7 types obtained were identical for all replicates (data not shown).
Sequence homology comparisons within a sample sequence set were Ͼ99%. Stool samples from 1999 to 2000 season, Philadelphia, PA. A total of 104 samples were analyzed by RT-PCR and sequence analysis (the samples were not analyzed by immunological methods). The following results were obtained: G1 (47%), G2 (10%), G4 (1%), and G9 (41%). Sample sequences were additionally analyzed for differences within serotypes. In analyzing VP7 types determined for a set of clinically obtained stool samples, we noticed that some samples that typed the same often had the highest percent homology to different database sequences. For example, samples identified as G1 were of at least two different subsequence groups. Of 47 samples, 40 had Ͼ95% homology to sequence TF14 (GenBank AF183860) (arbitrarily referred to as groups I and II, as the sequences fell into two distinct groups based on homology scores), while 4 of 47 had ϳ94% homology to sequence DC-6 (GenBank U26379) (referred to as group III). The average percent nucleic acid homology between these two subsequences was 92% (I or II versus III). Groups I and II appeared to be slightly different sequences with 96% homology. Amino acid sequence comparisons of the three groups appear in Fig. 2 .
Samples typed as G2 also appeared to have more than one subtype. Of 11 samples typed as G2, 8 were arbitrarily designated type I, and 3 of 11 were designated as type II, with 93% homology between types. Amino acid sequence comparisons also appear in Fig. 2 . Conversely, samples typed as G9 were of very low diversity. Forty-three of 43 samples showed homology to strain 1527 (GenBank AJ279082). Samples identified as G9 have 98 to 100% homology at the amino acid level with the strain 1527 database entry.
Limit of detection. For the limit of detection, rotavirus samples of known serotype and known titer were spiked into antigen-and RT-PCR amplification-negative stool samples. The limit of detection was defined as the level at which all amplification replicates were positive and were of the correct (expected) serotype after sequence analysis. Both RNA extraction methods described above were evaluated. The limit of detection for QIAamp-extracted samples in (particles per milliliter) was 10 5 for G1, G3, and G4 strains, and 10 6 for G2 and G6 (bovine) strains. The limit of detection for the Boom silica method-extracted samples (PFU per milliliter) was 10 4 for G1, G2, G3, and G4 strains, and 10 5 for the G6 (bovine) strain. The determined limit of detection indicates that the RT-PCR is able to reproducibly amplify RNA from approximately 100 to 10,000 particles of rotavirus per reaction. The limit of detection is equivalent or better than rotavirus detection using VP6 antibodies (9) . For clinical samples evaluated, Ͼ95% of all antigen-positive samples were also RT-PCR positive by this method (data not shown).
DISCUSSION
The ability to determine the VP7 type of rotavirus strains in clinical trials and postvaccine licensure surveillance is important. Determining vaccine efficacy against serotypes included in the vaccines, as well as those not included, depends on accurate and sensitive typing of rotavirus strains. The method we have developed is an accurate and sensitive tool for the VP7 typing of rotavirus strain. We have shown that the assay can consistently detect and type a variety of VP7 types in both culture supernatants and stool samples. For samples of known rotavirus strains, 198 out of 198 observed results (153 laboratory strain amplifications and 45 vaccine strain amplifications) were identical to expected results. For the 32 stool samples analyzed, 5 samples were negative 100% of the time (45 amplifications), and 27 were positive 100% of the time (243 amplifications). Each of the nine generated serotypes (based on sequence homology) for any given sample was identical. Of the 12 stool samples previously serotyped by monoclonal antibody, only 1 was typed as a different serotype by this assay. In this case, the sample was typed by MAb EIA as VP7 type 4 but by our method as a G9, with 99% homology to GenBank sequence (strain 1527; GenBank AJ279082), indicating that the monoclonal antibody may recognize epitopes on both G4 and G9 strains.
The described VP7 typing assay has been demonstrated to consistently and correctly identify rotavirus strains. It has also been shown to be able to discriminate between two distinct subsequences within a given G type. This information may prove of some utility in the analysis of vaccine efficacy of different subtypes within serotypes. The ability to discriminate between subtypes of a given serotype may also be useful for detailed epidemiological studies, allowing investigators to trace the transmission of single strains of rotavirus through the community or nosocomial or other single-source outbreaks, even in situations where only a single VP7 serotype is prevalent in a given season. The assay is amenable to high-throughput methodologies, allowing its use in large-scale clinical trials and postvaccine licensure surveillance. With the use of 96-well formats for RNA extraction, RT-PCR, product purification, and sequence generation would allow nearly 100 samples to be analyzed in approximately 3 to 4 days. This method has been used to sequence thousands of samples from clinical trials, with an average throughput of 100 to 120 samples per week. This method has successfully G typed Ͼ95% of all clinical samples tested, with results obtained within 4 days of initial extraction. As results obtained are nucleic acid sequences, these results are unambiguous and require no human judgment as to the final result. Unlike other RT-PCR-based methods, this assay does not rely on gel patterns and migrations to determine VP7 types and therefore offers an advantage both in ease of use and from a regulatory standpoint. In addition, the data collected allow for complex molecular and phylogenetic analyses to be conducted with no additional data generation required.
